Abstract-Nanoparticles are receiving increasing attention as carriers of active drugs or biochemical signals. Among them, fullerene C 60 is particularly attractive since its cage structure helps it to carry other molecules and its lipophilicity helps it to penetrate through a cell membrane. This paper explores the potential of time-gated broadband near-field scanning microwave microscopy for detecting fullerene inside Michigan Cancer Foundation-7 breast cancer cells. It demonstrates measurement of relative variation of electromagnetic properties across the sample surface, while explaining the difficulty for measurement of absolute electromagnetic properties. The results are compared with scanning capacitance microscopy, atomic force microscopy, and scanning tunneling microscopy performed on the same samples.
fullerene has interesting properties such as lipophilicity and photoexcitability [4] . Lipophilicity facilitates its incorporation into a cell membrane [3] , whereas photoexcitability allows photodynamic therapy of endoscopically accessible tumors [5] , [6] . Finally, fullerene can conjugate with functional groups such as proteins and nucleic acids for anticancer activity [7] , [8] . Thus, it is critical to assess the incorporation of fullerene into a cell. To the best of our knowledge, there has only been an attempt to use atomic force microscopy (AFM) [9] to characterize the elasticity of red blood cells, assuming it is affected by the incorporation of C 60 .
AFM is only one of many variations of a scanning probe microscope, which raster-scans a nanosized probe across a sample surface and maps it based on the short-range interaction between the probe and sample. In a scanning microwave microscope (SMM), the probe-sample interaction is based on the electromagnetic evanescent field, which decays exponentially from the probe. The basic idea of SMM originated in the 1950s and 1960s and the first SMM was demonstrated in the 1970s [10] . SMM started to evolve in earnest in the 1980s [11] after the development of scanning tunneling microscope (STM) and the use of SMM in conjunction with STM to overcome some of the STM limitations [12] . Later, SMM was developed based on its own merits [13] [14] [15] . Despite the centimeter-long microwave wavelength, a probe with a sharp tip can be used to overcome the diffraction limit and to achieve atomic resolution [16] , since the electromagnetic field near a sharp tip is almost singular [17] . Moreover, SMM can penetrate below the sample surface to characterize subsurface structures up to 1-μm deep [18] [19] [20] . SMM is particularly noninvasive to biological organisms because the energy of microwave photons is of the order of microelectronvolts.
This paper focuses on SMM characterization of Michigan Cancer Foundation-7 (MCF-7) breast cancer cells with and without fullerene treatment. It expands on the previous reported [21] qualitative images of MCF-7 by broadband SMM, with detailed time-domain procedure for semi-quantitative measurements as well as recording images at multiple frequencies for improving the image quality while permitting spectroscopic analysis. Monti et al. [22] have discussed the electromagnetic simulation of our 0018-9480 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. Fig. 1 . Schematic of the homemade SMM [21] . VNA is capacitively coupled to a platinum-iridium probe, which doubles as a tunneling probe for STM. A control system keeps tunneling current constant ("set point") by controlling the probe-sample distance via a piezo actuator.
SMM system, while in [23] we have shown the thermal induced effects on graphene when the microwave signal is increased above a critical threshold. Although SMM has been successfully used to image biological samples [24] , quantitative analysis of their electromagnetic properties has been difficult despite many attempts [25] [26] [27] [28] . To this end, we have used time gating to de-embed undesired echoes in broadband SMM and to improve the signal-to-noise ratio [29] . In this paper, we extend the use of time gating to semi-quantitative analysis of the relative (as opposed to absolute) distribution of electromagnetic properties across the sample surface. For comparison, STM, AFM, and scanning capacitance microscopy (SCM) of the same sample are also presented [30] . Section II describes the system setup, Section III discusses the detail of the time-gating procedure while Section IV reports the application of the proposed approach to MCF-7 cells, including comparison with other scanning probe techniques.
II. INSTRUMENT SETUP
All experimental data are obtained using a homemade SMM ( Figs. 1 and 2 ) in which an NT-MDT Solver Pro P-47 STM is coupled to a Keysight Technologies E8361A vector network analyzer (VNA), with the STM probe in a modified housing doubling as an SMM probe (Fig. 3) [31] . The SMM features a capacitive coupling between the STM probe and the VNA, as well as an LMP7721 operational amplifier to amplify the tunneling current in the femtoampere range. Using a piezoelectric stage, the STM control adjusts the z control voltage to maintain a preset tunneling current, while raster scanning the sample by applying an x-y control voltage. STM images are typically obtained by plotting the z displacement over 256 × 256 x-y positions (pixels). For SMM images, a custom software downloads the scattering (S) parameters measured on the VNA in synchronization with the x-y position of the sample. (Although the SMM housing and the VNA are both placed on antivibration tables, vibration of the interconnect cable nevertheless affects the STM image even when the VNA is not used.) For broadband SMM capable of time gating, no resonators or narrowband matching circuits are inserted in the measurement path, even though resonances naturally occur due to reflections from the interconnect cable, probe tip, SMM housing, etc. At each x-y position, S-parameters are typically measured over 512 frequencies across a bandwidth of 1-10 GHz with the center frequency being 10-25 GHz. Typically, an SMM image is acquired between 20 min and several hours, depending on the frequency range and the stability of the STM control.
The present broadband SMM has several unique advantages as follows.
1) Broadband measurement enables spectroscopic investigations.
2) Redundant data spread over different frequencies can be aggregated to improve image quality, especially with time gating. Usually a 5% bandwidth such as 1 GHz around 20 GHz suffices. 3) Broadband measurement can be used for system calibration based on its physical construction. A disadvantage is the slower scan speed, which makes atomic-scale scan and transient measurement difficult. These advantages and disadvantage are analyzed in the following section.
III. THEORY AND MODEL
Once the reflection coefficient S 11 is measured by the VNA over many frequencies at each x-y position, inverse Fourier transform can be performed to convert the data from the frequency domain into the time domain for postprocessing. For example, using time gating unwanted probe interaction with the microscope housing can be filtered out, while retaining data over the time interval of actual probe/sample interaction [29] . (In the present setup the probe tip protrudes a few millimeters outside the shield and a significant portion of the field is radiated, so that the probe interacts strongly with the SMM housing.) Moreover, time-domain postprocessing aggregates redundant information spread over many frequencies to reduce noise level and to improve image quality. Table I , in agreement with the measured S 11 shown in Fig. 4(a) . the time domain as the first peak occurs in less than 1 ns, reflecting a small mismatch between the VNA and the first coaxial cable. A second peak that occurs around 5 ns is due to the connection to a second coaxial cable. Then around 10 ns is the actual interaction between the probe and the sample. This behavior can be captured by the equivalent circuit in Fig. 5 , in which the two VNA coaxial cables are simplified into one, while an additional coaxial cable represents part of the SMM. The dc-blocking capacitive is coupled to the probe tip via a lossy inductor. The tip is capacitively coupled to the sample either via its apex (in series with the lossy inductor) or via its body (in parallel to the lossy inductor). The sample has its own parallel resistance and capacitance. The radiative coupling between the probe and its housing is modeled by several transmission lines (parasitic n) terminating on loads R n . Fig. 6 shows the simulated S 11 using the equivalent circuit of Fig. 5 and the parameter values of Table I agree with the measured S 11 shown in Fig. 4(a) .
Using the equivalent circuit shown in Fig. 5 , various parasitic interactions can be de-embedded in the time domain by a multistep gating procedure. First, the height of the first reflection peak can be used to determine the cable impedance. For example, a 0.038 reflection corresponds to a characteristic 
with T 21 accounting for the energy transmitted after the first reflection and T 12 accounting for the energy reflected back. Second, the time-domain data can be transformed back to the frequency domain and translated to the origin of time
where Z 0x is the impedance estimated before (54 ), S filt is the Fourier-transform of the response after gating, ω is angular frequency, t is time, α is the cable attenuation factor, and c is the speed of light. Thus, the cable loss is also corrected if α(ω) is known. Actually, before Fourier transformation, loss correction can be approximated in the time domain by assuming dispersionless loss and by scaling the magnitude of the time response by a factor according to the deviation from unity reflection. Fig. 7(a) shows that the magnitude of S 11 scaled in the time-domain according to (2) agrees with that obtained by physically removing the coaxial cable, except a small albeit increasing difference with frequency caused by assuming dispersionless loss. When the frequency dependence of the loss factor is included, the agreement becomes excellent. On the other hand, Fig. 7(b) shows that the phase agrees very well in any case. The same results could have been obtained using a standard short-open-load-thru (SOLT) calibration of the VNA. Fig. 8 shows S 11 of a measured MCF-7 sample obtained either by applying the aforementioned time-gating procedure or by SOLT calibrating at the SMM input. While time gating is based on only the physical setup, SOLT calibration is timeconsuming and tends to slow down the SMM scan speed. Additionally, time gating can be iterated section after section to reach internal nodes of the SMM that cannot be directly measured.
Following the above de-embedding procedure, we are left with a section of the coaxial cable in series with the deviceunder-test (DUT) as indicated by a rectangular box in Fig. 5 , plus several parasitic transmission lines. We can go back in the time domain and center a gating function across the main reflection peak. In particular, let S raw (t i ) be the i th sample of the time-domain vector (i = 0, . . . , m) representing the reflected wave, and consider the time instant τ s for position s in the vector, which represents the probe-sample interaction. An applicable gating function is
where I 0 is the zeroth order of the modified Bessel function of the first kind, while α and γ are parameters defining filter sharpness. After gating out everything but the sample reflection, returning to the frequency domain, and applying (2) for backward shifting, we find the DUT impedance and, in parallel, all parasitic resistances R 1 , R 2 , . . . , R n . However, we are faced with several caveats which are as follows. 1) Parasitic transmission lines in principle could be too close to the structures to be resolved over the practical bandwidth. There are also problems related with time-domain aliases due to finite spacing between measured frequencies. 2) Locating the probe-sample interaction in the time domain by observing the position of peaks generally does not allow a sufficiently accurate determination of τ s . For attofarad measurements, a tiny error τ s in τ s will completely destroy information about the probesample capacitance, as well as data about the sample itself. This is because τ s c needs to be in the nanometer range, which requires unreasonable precision in τ s . To overcome the above caveats, we can focus on relative instead of absolute values, because small variations in the gated DUT impedance are very robust against all systematic errors. Considering that parasitic resistances R n are unknown quantities in parallel to the DUT, it can be helpful to compute differences between admittances. For example, if Z c and Z s are local impedances inside and outside a cell, respectively, their difference is
In the case the sample capacitance changes from Z s = 22.7 fF to Z c = 24 fF while the sample resistance changes from 110 to 120 , Z can be directly calculated by (4) or by measuring the entire embedded circuit, as listed in Table I . Fig. 9 shows that even in the worst case, where the system is unable to gate out correctly the signals from the parasitics and grossly underestimated or overestimated, Z c and Z s bear no resemblance with those expected and Z can still be informative.
IV. MCF-7 SAMPLE PREPARATION AND ANALYSIS
Sample preparation started with fullerene suspension. Because C 60 is poorly soluble and naturally forms large micron-sized clusters in aqueous media, methanol suspension followed by sonication was used to produce a uniform C 60 suspension, which remained uniform for 10 to 30 min. The C 60 suspension was diluted in methanol to 0.2 mg/mL. After 30 min of sonication, three cell plates were coated either with further dilution of the C 60 suspension (100 μg/mL) or pure methanol. The methanol was then allowed to evaporate with the cell plates open in a sterile hood.
MCF-7 are breast cancer cells first isolated in 1970 and typically form adherent populations of spheres. MCF-7 cells were plated onto the coated dishes and cultured for 24 h in Dulbecco's modified Eagle's medium. Cells were then removed by treatment with Trypsin-EDTA, centrifuged at 1000 r/min at room temperature and suspended in 50% PBS in order to reduce the amount of salts on the ITO-coated glass slide. Only 2 μL of each cell suspension was plated on the glass substrate to minimize the number of cell layers dried on the substrate and to simplify measurement and analysis. Fig. 11 illustrates the improvement in image quality by time gating through broadband measurement over 15-25 GHz on fullerene-treated MCF-7 cells. The improvement over raw image formed by the magnitude of S 11 at 22.5 GHz is apparent, although the latter would be considered good quality in the typical frequency-domain SMM.
Compared with single-frequency SMM, often even a rather narrow band with time gating can improve the image quality significantly, which is especially critical to subcellular SMM. Fig. 12 shows the SMM images of exosomes, ubiquitous vesicles whose size ranges from a few to a few hundred nanometers. In this case, the single-frequency measurement was performed at 20.21 GHz, whereas the "broadband" measurement was performed from 20.17 to 20.25 GHz. It can be seen that, while the single-frequency image is rather blurred, the broadband image after time gating at 10.8 ns shows clearly in the quasi-spherical shapes of exosomes. Fig. 13 compares the time-gated SMM images of fullerenetreated MCF-7 cells with the STM "topographic" image performed simultaneous with the SMM. SMM was performed from 15.5 to 16.5 GHz. STM was performed with the sample biased at 2 V and the tunneling current set at 2 pA. Although the STM image was corrected to remove the systematic tilt of the underlying substrate that would hide the details, it is never truly a topographic image because the tunneling current is highly dependent on the local atomic structure. By contrast, the SMM image did not need to be corrected for systematic tilt and it showed negligible cross talk with the z displacement of the piezoelectric actuator. Brighter cells appear more reflective to microwave SMM [ Fig. 13(a) ], but taller in STM [ Fig. 13(b) ] (approximately 3-μm tall). Fig. 14 zooms in on the darker cell in Fig. 13 , so that the impact of the probe/sample distance is smaller [28] . It can be seen that while the SMM image reveals far more details of the cell, the STM image shows streaks due to the polynomial correction line-by-line. Fig. 15 shows that STM can also provide spectroscopic information through local barrier height (LBH) spectroscopy measurement [32] . This is performed by superposing a sinusoidal signal to the piezoelectric z-control, for measuring local variation of the tunnel current to changes in the probe/sample distance dI/dz. This quantity is related to the probe and sample surface work functions. Since the applied sinusoidal signal is faster than the mechanical feedback, it does not interfere with the topography image. LBH can be useful in our case since STM topographic images generally need some correction for systematic substrate tilt, which can obscure details. It can be seen in Fig. 15 the STM LBH image is better than the STM topographic image and it approaches the time-gated SMM image. Note that the SMM was performed over a rather narrow band (15.9-16.9 GHz) because the S 11 was rather sensitive to changed induced by samples as shown in Fig. 15(d) . Fig. 16 shows that the systematic difference in relative impedance of MCF-7 with and without fullerene treatment, is likely due to the incorporation of C 60 into the cell membrane. To minimize the impact of different probe/sample distances, the comparison was made on treated and untreated cells of similar height. The relative impedance was calculated according to (4) and by extracting Z c from the top of a cell and Z s from a region without any cell.
As an independent check, Fig. 17 shows AFM and SCM images of MCF-7 with and without fullerene treatment. The AFM in semi-contact mode was obtained using a low-stiffness conductive, metal-coated probe (μ−Mash, NSC18/Pt with resonant frequency of 75 kHz and spring constant of 2.8 N/m). Each row was scanned twice. During the second scan, the probe was lifted by a predetermined amount and harmonically biased at one-half of the resonance frequency, so that the probe displacement replicated the sample profile acquired during the first scan while the electrostatic force between the probe and sample was extracted from the second harmonic of the signal obtained by the deflection of the probe. The magnitude of this signal is proportional to the variation of the surface capacitance with respect to the probe-sample distance dC/dz. The treated cells appear to be rougher in AFM but lower contrast in SCM. The latter is consistent with the incorporation of conductive C 60 , which makes the cell surface conductivity closer to that of the ITO-coated substrate. The microwave characteristics of Fig. 16 support this hypothesis. Finally, Fig. 18 shows additional SCM images of the topography, as well as magnitude and phase of the SCM signal for MCF-7 with and without fullerene treatment. The magnitude of the SCM signal is proportional to dC/dz, hence to local dielectric properties, while phase is proportional to d 2 C/dz 2 [33] .
V. CONCLUSION
In this paper, we explored the use of time gating in broadband SMM toward a quantitative measurement based on the physical construction of the system. We then used the technique to detect the presence of fullerene inside breast cancer cells. The results were compared with STM, AFM, and SCM performed on the same samples. The fullerenetreated cells consistently show reduced microwave reflection, increased surface roughness, and reduced SCM signal contrast. These results are the first step toward a correlation between the microwave images and the amount of fullerene incorporated in the cell.
